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PREFACE

This Technical Report was prepared by the Northrop Space
Laboratories (NSL), Huntsville, Department, “or the Zzorge C.
Marshall Space Flight Center under authorization of Task Order N-61,
Contract NAS8-11096.

The NASA Technical Representative was Mr. John F. Pavlick of the
MSFC Astrionics Laboratory(R-ASTR-A).

The work was a twenty man week effort ending on April 19, 1965.

The data presented herein include conceptual studies of the
command and control systems for the major elements of remote and
manual control of the LSV I:ur.wheel vehicle. Also included are
preliminary servo-analysis studies of the steering complex, and a
discussion of the human performance in the control loop. Two
approaches to the steering discussion are considered - that of wheel-
angle control and that of heading control,

Suspension performance and effects of terrain slope on the
vehicle performance were studied and reported in an interim report
under Task Order N-46, Contract NAS8-11096. The report which was
dated January 8, 1965, carried the number nags CR-61040, Portions of

that report are used as a basis of study for this report.
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SUMMARY 3 A0 /é

This study is primarily limited to concepts of steering
and the circuits involved. Root locus plots are presented for a
basic part of the control complex: where the system can be
linearized, 1In order to obtain the constants necessary to
determine the transfer functions for the root locus study, a number
of steering motors were reviewed. The results of this review is shown
in the appendix,

Since the control of the LSV will depend to a large
degree on the performance of the operator, research concerning
experiments in this area are reported. The application of the
results of the experiments to the LSV operator is discussed.

Synchronizing of the individually controlled wheels
is discussed, and a conceptual design for synchronizing circuits is
presented.

Limits of operation of the LSV vary with conditions of

speed and terrain. Automatic control of these limits is discussed.

ﬁ@/7



1.0 INTRODUCTION'

This report will cover portions of the steering problems
of a 4-Wheel Lunar Surface Vehicle (LSV) and concepts for the control
circuit involved. This vehicle was described in detail in report
number NASA CR - 61040 (Reference 1) and a partial list of

specifications are as follows:

Total vehicle mass 202,36 slugs

Vehicle tire constant €00 pounds per foot
Roll plane inertia 5075 slug feet squared
Pitch plane inertia 8116 slug feet squared
Tread width 11,5 feet (3.51 meters)
Wheelbase 17.6 feet (5,37 meters)

Height, Center of Gravity 5.83 feet (1.78 meters)

Figure 1 will be used as the basis for this study.

One of the parameters that can be calculated for use in the
study of vehicle performance on Earth is the//ﬂ of the soil over
which the vehicle travels. 1In Reference 1 and other studies concerning
control of the LSVi/V was taken as the independent variable so that
the results can reflect its true value when this value is known. This
procedure will be followed in this report.

Since a skidding vehicle cannot progress in a turn, it is

necessary to know skid limits, These limits for the LSV were
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TABLE I

Minimum Required for Roll Plane Slopes, Vehicle
Speed and Wheel Angle to Prevent Skidding
While ifaking an Up-slope Turn

Terrain Vehicle Wheel Minimum
Slope Speed,Km Angle //CZ
Degrees Degrees Notes
0 8,36 12 0,2
0 8,36 20 0.3
0 16.72 4 0.2
0 16,72 8 0.5
0 16.72 12 1.0 -- Vehicle over-turn at
13-14° fo;,= 1.0
10 8.36 12 0.22
10 8.36 20 0.33
10 16,72 4 0.23
10 16.72 8 0.6
10 16,72 10 1.0 -- Vehicle coverturn at
12-14° for,= 1.0
20 8.36 12 0.33
20 8,36 20 0.45
20 16,72 4 0.25
20 16,72 8 0.8 -- Vehicle over-turn at
8-10° fo§u= 1.0
30 8.36 12 0.5
30 8436 20 0.65
30 16,72 4 0.5
30 16,72 6 0.7 --Vehicle over-turn at

6-7° fogu= 1.0




established in Reference 1 and are repeated here for convenience in
Table I. The ‘f’ of the table is the minimum allowable for no
skidding with the conditions listed. It should be noted that skidding
represents a nonlinearity fn the servo-analysis of steering and will
be treated as such.

Besides skidding the °§7 of the soil affects the torque
required to turn the wheel of the vehicle. This, in turn affects the
motor size, horsepower, gear ratio. and motor speed. That is, the
motor constants are unknown and the exact basis for determining them
are unknown. This makes the servo-analysis difficult, since the
choice of one of these factors will to a certain extent determine
other factors of the study. There are two approaches to the solution
of the problem. The first (and the preferred one) is the programming
of an analog computer so that the steering is made to conform with
the necessary performance deteriined from previous dynamic studies.
The range of linear control and the effects of nonlinearities could be
determined. From these results motor constants, and gear ratios. for
turning rates could be determined.

A second approach to the solution of the problem is
presented in this report. The approach assumes a maximum 5/ of 1.0
with the vehicle standing still as the worst case of torque require-
ments., Motor sizes of different types are studies to determine those

that may be used to perform the task of steéring for the worst case,



and to find the needed system constants for servo-analysis. These
studies are shown in Appendix A. Many motor-gear combinations can be
chosen to perform under particular Lunar conditions. Those studied
are only samples to serve as guides when the time comes to determine
hardware.

Other items which are studied in this report are the
effect of human performance in the control of steering and wheel-angle
control versus heading control. The human peformance studies are
limited primarily to a discussion and selction of transfer functions
which are derived by actual experimentation (Reference 2). The
application of the work done in a similar field and its adaptation to
this problem is of interest. The functioning of the man at the con-
trols is one of the major problems of stability for either manual or
manual-remote control of the LSV, 1In connection with the human
performance the wheel-angle control versus heading control is
discussed in detail.

A final item of interest covered in this report is that
of synchronizing the steering motors for the three or four types of
steering - Ackermann, four-wheel, and crab. The fourth type of
steering - scuff - requires no steering motors. Problems of steering
synchronization are discussed with the presentation of a conceptual

design,




2.0 STEERING CONCEPTS

2.1 General

The two steering control concepts; heading by continuous
control of wheel angle and by setting a reference heading, each employ
an electro-mechanical system. Each system may be used manually or
remote-manually, The former is the simpler of the two from an equip~-
ment viewpoint, but it re-uires continuous reference changing to affect
a change in heading., This steering mode can be compared to that of
driving an automobile. The servo diagram is shown in Figure 2 of
Section 2.3,

The second concept of steering is accomplished by setting
a reference heading and having the vehicle accomplish the change
automatically through a servo system employing the directional gyroras
a feedback. This system consists of an inner loop control of the wheel
angle and the outer loop employing the gyro, Tontinuous monitoring
by the vehicle operator must be done to avoid obstacles through an
override feature., The system is less stable than the simple system
using wheel angle co£trol only. It does, however, require less effort
on the part of the operator. A servo diagram of this system is shown
in Figure 9 of Section 2.4,

Both systems may be used with digital control (step-type)
systems or with analog (ramp-type) systems., The difference in manual
and remote-manual operation can be minimized to that of the time delay
represented in radio transmission - by proper implementation. The time,

while negligible on the Lunar surface, is approximately 3.0 seconds
for the manual-remote operation from Earth.



2,2 HUMAN RESPONSE

The human operator may be described as an adaptive
optimalizing servo element. That is he will adjust his response to
give the over all system the type of response which the operator
desires. The operator is limited in his ability to adapt by his
training and physical and mental response time. In attempting to
develop a transfer function to describe a human operator it has been
found that the general equation which fits well for this situation

(Reference 2)is as gollows:
- Ts

(Kpe (T;s + 1) =G
(T, s +1) (T s+ 1)
1 n

The term e~ £S represents the operator response time.

The value of T is dependent upon type of controls and the system
response and varies fiuom .12 to .2 seconds.

The term T, comprises the effects of Neuromuscular lag and
is partially adjustable for task. (TLs +1) / (Tls + 1) is considered
to be the equalization term which adjusts to a particular forcing
function and system, KP is the operator gain which adjusts within
limits for system stasility. The operators mental attitude affects the
value of Kp with strong motivation increasing its value. In addition
there are nonlinear aspects to an operators performance which are more
pronounced when high frequency forcing functions are used.

Equations 1 through 5 show the effect of the centrol
element on the transfer function of the operator, (These equations were

derived in Reference 2).




CONTROLLED
ELEMENT

Eq.l.
1

S/2 +1

Eq. 2

Eq. 3.

15
S/2 + 1)

FORCING
FUNCTION

Superimposed
Sinusoids

W, = .66 rad/sec

Wy = 1,68 rad/sec
Wy = 2,87 rad/sec
W, = 4,27 rad/sec

Superimposed
Sinusoids
W] = .66 rad/sec

w2 = 1,68 rad/sec

Wy = 2,87 rad/sec
Wy, = 4427 rad/sec

Random Noise

Corner Frequency
1 rad/sec

Random Noise
Corner Frecuency
1 rad/sec

Random Noise
Corner Frequency
1 rad/sec

HUMAN OPERATOR
DESCRIBING FUNCTION

8 e=*13% (57,9 4 1)

(s/.15 + 1) (8/25 + 1)

-.15
3¢™° % (5/.35 + 1)

(/.2 + 1)

4e =*25 (Sf.4+ 1)
(s/. 1+ 1)

1 e7*25 (S/.3 + 1)
(S/.07 + 1)

3 e=*25 (5/.3+1)
(s/.07 + 1)




When time delays are introduced into a system as in the transmission
time delay in Earth Moon communication, the operator will attempt to
adapt and coripensate to maintain system stability to the limits of his
ability.

When lags are first inserted into the loop the operator tends to
overshoot until he acquires some experience with the new system
response. An over all reduction in system gain is inserted by the
operator., As the lag nears 2 seconds the system appears to the operator
to have the response of a pure integrator(K/S). The operator transfer
function for this type of system is shown in equations2, 4 and 5.

The effect of changes in system gain on operator response can be
seen in equatiom 4 and 5., As the control element gain goes from 1 to 5
the operator gain adjusts from 3 to 1 which tends to maintain a
constant cver all loop gain.

Equation one has been selected for use in this study for describing
the operator response during local control of the vehicle. Equation 2
has been chosen to selected for describing the operator response for

remote control of the vehicle from Earth,

10




2.3 STEERING BY CONTINUOUS WHEEL ANGLE CONTROL

Directional
Control *
i | : Va -R T; K.
‘1o, [ - | - i L { out
et i . _ X - | Lo g OF

! i : | - |

| gsts(JR/KT KS)S41): |

Pre-Amp. Motor |

|

e K

Figure 2 Servo Diéé;ém for Continuous Wheel Anglé Control,
The servo diagram of Figure 2 shows the feedback circuit

for a shunt motor with a separately excited field, the transfer function
for the motor-gear complex and the preamplifier. The 7° in is the
position reference for the wheel angle and the ¢ out is the actual
wheel angle position. Other symbols are noted as follows:

K amplifier gain

Va  applied motor armature voltage, dc

R motor armature resistance, ohms

T steady-state load torque, ounce-inches

K, motor torque constant, ounce-inches/ampere
Ks motor speed torque, volt-second/radian
J system inertia, ounce-inches squared
JR
Kth system time constant, seconds

KO voltage feedback per radian turn of motor
Polarities are reversed when the vehicle travel is

reversed.
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Using the system of Figure 2 the root locus plot was
derived as shown in Figure 3, for the 1/30 Hp control type motor. The
values of the constants were derived from the quantities in Appendix A,
Root locus plots for the %6 Hp and %0 Hp motors are quite similar.,

The root locus indicates that the system described will be
stable (and oscillatory) but totally unsuited for the application.
Primarily the fault lies with the values of Kg and K. While attempts
could be made to add lead compensation to the circuits, it is felt that
other systems could be used more advantageously. Accordiagly, the 1/8
horsepower systems of Appendix A were calculated. The root locus for
these systems are shown in Figures 4A, 4B and 4C.

Since the reference input voltage must be related to the K,
Ke and Kg of the system in a fashion determined by the hardware, the
ratios of these constants are determined as a single value and recorded
on the root locus plots. The reader can determine the voltage constant
representing a specific value of in desired for motor starting
across a 28 volt line and use this information te determine the value
of Kg needed. In each case where a new reference is made digitally
the system will respond as though a step were inserted, and it is from
this viewpoint that the systems will be analyzed.

The root locus for SYSTEM A (derived in Appendix A) shows
that this system for a wheel angle change of 3° per second will perform

the change within the allotted time for a combination of K Kg equal to

Ks

13
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approximately 0.15, The system is oscillatory, however, and if is
approximately 0.2. Undoubtedly the system can be compensated (There
are many combinations of compensation that will work) to achieve the
desired performance. A better way for initial design, would be to

lower the motor time constant by changing some elements of %Sk .

This was done for this system as shown in Figure 4B, and with g motor
time constant of 0.16 second the specifications of having the wheel
angle change 3° in one second are met with a gain combination
(combination of the K's) of 0.113. The system now has a<L]P of
approximately 0.7 which should be acceptable.

So far, in the analysis the time lag of the power supply has
not been taken into consideration. If this is a factor to be considered,
it can be analyzed by using K instead of K for the preamplifier.
Root locus sketche; showing ig:e:'lupply time lags of 0.1 and 0.25
second are shown in Figure 4C. It should be noted that lead compensation
will be needed to balance any appreciable time lag in the power supply
if the original specifications are to be met.

SYSTEMS B and C were derived in Appendix A for changes of
wheel angle of 6° and 9° per second, respectively. The root locus plots
of Figures5 & 6 indicate that the specifications can be met also with
K combinations of 0.113 and motor time constants of 0.16 second.

In making the above analysis it has been assumed that

reference inputs for the systems have been limited to 3°, 6° and 9°

respectively. After the K combinations have been set by the hardware,

21




additional wheel angle changes (for instance, changing a 6° on the 3°
system) will cause the system to reach the nonlinear region of
operation, Since there is more than one nonlinearity present in the
circuit, proper analysis will require an analog computor.

It should be remembered also that in making the above analysis
the 7" of the soil was taken as 1.0, as the worst case., The ¢ of
the soil should not affect the results of SYSTEMS A, B, or C, however,
since the motors used for the systems were separately excited shunt
motors with nearly constant speeds. The variations in ‘¢ will change
the power output required from the motor but should not change the
basic servo analysis. Conditions of jf’ will change the effect
(position limiting) of the heading on level ground or on slopes but not
the wheel angle control.

Figures 7A and 7B show the transfer function block diagrams
with the operator in the loop. The reasons for the choice of transfer
functions were given in Section 2.2. For the case of Lunar aperation,
the operator observes continuously varving analog functions as the
vehicle is steered, This is very similar to the conditions of the
experiment that derived the operator transfer function used here for
the Lunar operation. It was stated in Section 2.2 that for a time
delay of over 2 seconds the control functions of equipment appear to
the operator as an integral. The time delay for the Earth-to-Lunar
operation is in excess of this, and the transfer shown appears to fit
for this case. The time delay for transmission and equipment for
transmission was taken as 3.0 seconds., It is included in the "operator"

transfer function. Here, again, the system is considered to be in the

linear range o operation,
22




CONTINUOUS WHEEL ANGLE CONTROL DIAGRAM

WITH VEHICLE OPERATOR IN THE LOOP
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2.4 Steering by Heading Control

| The concept of steering by heading control is described as
follows. The system operates in a fashion similar in many details to
that of an automatic pilot. The operator sets the desired direction of
travel as an input reference, and the control equiément on the vehicle,
through the gyro feed back, automatically brings the vehicle to the new
heading. This type of control has the distinct advantage of requiring
less of the operator'!s time, and at the same time, reduces the effects
of the transmission time delay for the Earth-to-Lunar mode of operation.
There must be an override feature with the quipment for either the
Lunar or the Earth-to-Lunar operation. This is used to avoid obstacles
in the path of the set heading of the LSV,

Figures 8A & 8B show a simpiified servo diagram of the heading
control, The stability for this type of system is somewhat critical.
The stability depends largely on power supply time lags, the gyro feed-
back and particularly on the.system gains. Turning rates could fall in
the latter category as well as the other system constants (K'is)
described in Section 2,3. Note that the transmission time delays are
included with the transfer function of the operator for the Earth-to-
Lunar mode shown in Figure 8B. Power supply time delays are not showm,

Figures 9A and 9B show a block diagram of the two steering
modes discussed with the nonlinearities involved. The descriptions of
the systems are the same otherwise. These nonlinearities are physical

limits of the vehicle'!s performance and must be included in any complete
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HEADING CONTROL SERVO PIAGRAMS
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analysis of the control system. The rate limit is deterimined by the
top speed of the steering motor-gear combination; the position limit is
determined by the total allowable (physical stop) wheel angle; and the
skid limit occurs when the 7/ of the soil does not support the vehicle's
turning at the rate indicated by the wheel angle and vehicle!s speed.
This is the most troublesome of the limits on the steering. It is shown
as a sat function to represent a full skid. Actually it has a variable
amplitude and can be represénted as a soft limit for a partial skid and
represented as a hard limit for a full skid. Siﬁce the loss of steering
when the LSV traverses a Lunar obstacle reacts in the same way as full
or partial skidding, these functions also can be used to determine
effects on steering when the LSV is partially (or fully) off of the Moon.
Concepts only are shown for this portion of the study. .While
some systems may be linearized and studied by servo analysis, more than

one nonlinearity usually requires a computer for solutions.
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3.0 STEERING SYNCHRONIZING CONCEPTS

Normally, little thought is given tb the synchronizing of ‘the
wheels for steering of an earth-bound vehicle, This is done with a tie'
rod, and the steering is actuated from a common mechanical source.
Concepts of the steering of the LSV, however, have indicated that each
wheel will be actuated by individual electric motors - or that fhe
design will not include a mechanical connection between the wheels to
be steered. Therefore, a synchronizing device will be required for
each pair of wheels used for steering., Figure 10 B shows a cbncept of
such a synchronizing device. For this concept there is no master-slave
relation between the prime movers of the wheels being steered, Instead,
the prime mover with the largest output serves as master momentarily
until the units are synchronized. As shown in Figure 10B, a small
deadband should be inserted in the circuit for positive stability.

While this circuit was conceived for use with electric motors, it shéuld
operate equally well in a hydraulic or pneumatic system if it is
properly implemented,

The servo concepts for steering the LSV were studied in
Sections 2.3 and 2.4 as though only one wheel of the vehicle is to be
steered, This is adequate to determine the perforﬁance of the vehicle
since the input constants can be doubled and the output constants
halved for the pair of steered wheels, so that the previous work will

»apply. Figure 1] indicates a concept where three types of steering - -
Ackermann, 4-wheel and crab - can be used, and have these servo-analyses
applye
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SYNCHRONIZING CIRCUITS

Losrtror

inps?

Lvevic
+ + |
S S I
+
Posidron pLACTPYS
n e s e

i~

thi-uf*

¥

FIGURE 10A CONTROL OF ONE WHEEL

TS’
ey

Gl

+ A

Post o

feed bock

oafpwf

7

M £
Oecadbard
>+
* i
+ s
+
Rufe
f‘-:eé/&dcu

FIGURE 10B CONTROL OF TWO WHEELS (SYNCHRONIZED)




FANS o

e s/

\.\n\@

PR e 4

-4 )
oL , La
S OLCp IR 7 HEY
< _ < +X +
A £ A 7 ;
\xr«\«\& \n;\\s\.\ *
7, —J : 1452
wosiiRey T.. \A.\\ﬂ\..L\ ot f | ==
WPICS AR s ALL /
4 V.T -+
g oA
S Saia 2
A, 7
973z L] /
. 4 Byt g
N S T P
/ / +
Frerza” AT Y
. \ﬁv\\.h.\n‘(v =z / . ,
.\__\ a\ml |||MN < - & \\\MWNM\N, ”5 - \A_“
4 e e e LA I
Crirs ¥ A ik __ +__ | opaide
T 7 o>
/ =4
s s s h L7 (=2 +s2
A 7 - / + + (SE#S) 2227
A el Py o
- + -
® U
Sy Diadd P

M (=]
PP E LA P
= s
" hwrn / ‘nurn /7 s
-+ L4ET oy ) \t~h~\\“.&
ONIYIILS avID ANV “TIAHM-Y
‘NNVREDIOY Q3Z INO¥HONAS - TOMINOD VNNT-0L-HINVE




The concept is a collection of the circuits previously described, with
the exception of the selection of the types of steering. Position 1
of the steering mode control switch applies to 4-wheel steering;
position 2 applies to Ackermann steering; and position 3 applies to
crab steering, It should be noted that Ackermann and 4-wheel steering
operate as closed-loop systems with the heading control, while crab

" steering operates open loop.
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4,0 AUTOMATIC CHANGE OF VEHICLE OPERATING LIMITS

Some of the control limits, such as skidding, etc., were
discussed in Section 2.4, These limits and those of vehicle overturn
primarily limit the speed of the vehicle on the Lunar surface. Vehicle
overturn in turn depends (besides speed) on the size of obstacles
transversed, the terrain slope, the ¢ of the soil and a combination of
these to varied degrees, At first glance it appears desirable to
devise automatic circuits in the ccntrol systems that would compensate
for the conditions of terrain over which the LSV travels. Such changes
in limits would compensate speed and wheel angle of the vehicle so that
it would be operating within safe conditions. That is, a safe speed
set for level ground would‘be reduced automatically when the vehicle
found itself on a slope. Besides the difficulty in implementing such
a program; however, it appears impractical. For instance, the results
of striking an obstacle with one side of the vehicle have been shown in
Reference 1 to produce similar results {measured in seconds of time) as
having the vehicle operate on a slope. For another example, pitch
plane sensors would record verticle excursions of the LSV (after
striking an object) in the same manner as when the vehicle goes up or
down a slope. In addition, any sensor operating to limit speed or wheel
angle would necessarily take into account the Y of the soil, The ¥
could vary in the space of as little as 10 meters with no accurate way
of measuring the change. With constant changes in terrain conditions,

the task of implementing automatic changes in limits should prove to
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be cumbersome, Instead, it appears to be more reasonable initially

to set administrative limits of speeé and maximum wheel angle below

the safe operating limits of the vehicle. In addition pitch,yaw and
roll angle information, as well as wheel angle and vehicular speed, should
be furnished to any remote operator of the LSV so that the approach to
unsafe conditions can be recognized. The set vehicular speeds must bé
set slow enough to stop the vehicle when an unsafe condition approaches.
Speeds of 4Km per hour and wheel angles of 60 (maximum) appear to be
acceptable for soil Y of 0.4 to 0.5 (Reference 1) and slopes of O to
30% for traversing obstacles of up to 0.35 meters high. A reduction in
the vehicle speed may be necessary, however, when the Earth-to-Lunar
time delay is considered with the control system. It is assumed in this

latter case that the control system is employed to by-pass zn obstacle.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

This study has established a range of motor sizes that can
be used to accomplish steering rates in a range of 3° to 9° per second
for the wheel angle., Previous work (Reference 1) has shown that
practical steering rates lie within this range. Root locus plots have
been presented whigh can be interpreted to indicate dynamic responses
of the particular systers for the operating conditions (besides the
maximum) for motor speeds, or inputs, lower than that of the design
maximum.,

The problem of synchronizing the wheel angles of the
separately operated wheels used for steering exists, Accordingly, a
concept for this operation has been presented.

In each of the above areas studied the final design depends
on unknown factors such as the -4 of the soil and the administrative
decision coucerning operating speeds of the LSV, Conclusions from
this study, therefore, are limited. It is concluded, however, that
control systems employing wheel angle control (as opposed to heading
control) can be made to be stable with little trouble. Controls systems
employing heading control are more sensitive and require computer studies
before a final decision is reached. It is recommended that these

computer studies be made using the concept diagrams of this report,
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SECTION 6,0

SYMBOLS

System Indrtia, ounce-inches squared
Amplifier Gain

Motor Speed Constant, volt-second/radian
Motor Torque Constant, ounce-inches per amp
Voltage Feedback Constant, volts/radian
Motor Armature Resistance, ohms
SteadyState Torque Load, ounce-jinches
Applied Motor armature voltage, dc volts
Damping Ratic

Coefficient of Friction

Time Constant, seconds

Vehicle heading
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7,0 Appendix A

I Steering Motor Size Data -- Typical Control Type

II Steering Motor Data - 1/8 Horsepower

Page
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STEERING MOTOR SIZE - CALCULATIONS

General

In order to calculate the motor constants needed for use in the
transfer function for servo-analysis, reasonable motor sizes were
first calculated from a torque-horsepower relation., This relation was
considered from a steady-state view point using the footprint of the
Lunar Surface Vehicle (LSV) and the maximum power and torque expected
when the vehicle is standing still. A surface % of 1.0 was used.
While thewe is small likdihood that this combination will be
encountered, it must be considered as the worst case,

The actual footprint of the LSV will be elliptical. However, for ease
of calculations a rectangular shape was used with a calculated radius
of gyration, The difference in footprint shapes is considered in the
safety factor of the calculations., Torque and horsepower are considered
in the calculations to vary with 7 . Figure Al indicates the
pertinent LSV data used in calculating meror sizes.

All motors studied were considered to have fixed or éeparately excited
(shunt) fields. The field strength is not specified except in the
armature current, torque and speed constants. Typical small control-
type motors were first studied, and it appears that the requirements
for steady-state velocity will be satisfied by this type of motor,
However, the study (in the text) shows that a larger - or high torque.

motor is required for accelerating the sy stem at an acceptable rate.




As a result of these findings, larger motors were studied as well.

In all cases for the motor studies the amount of inertia of the
vehicle wheel is neglected since it is very small when referred to
the armature of the motor. The inertia used for the calculations
includes that of the motor, gears and any governor that may be required.
The final choice of a motor for steering will be determined by the
speed of steering, the allowable heating of the motor, the torque
required and a provision for stall current., The small motors shown
in this study provide for stall current. The larger motors, however,
are for intermittent duty but can be started across the line. They
require greater cooling, A compromise must be reached in the final

choice of motor.
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PERTINENT SPECIFICATIONS OQF THE 4 WHEEL LSV

USED IN THE STEERING MOTOR CALCULATIONS

VEHICLE BODY MASS: 185 Slugs

VEHICLE WHEEL MASS: 4434 Slugs

VEHICLE WHEEL DIAMETER: 80 inches (2,03 meters)
VEHICLE TIRE WIDTH: 12 inches (0,305 meter)
VEHICLE TIRE CONSTANT: 50 pounds per inch deflection
FOOTPRINT SIZE: approximate 3,73 ft.2

pe—3. 75—
T
41,5 X
4

Foot - Print

F<———-44.8"—————a1 \

Wheel deflexion
S.40 FIGURE A 1
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I. STEERING MOTOR SIZE DATA -

TYPICAL CONTROL TYPE

TABLE A 1 A

APPROXIMATE TORQUE REQUIRED TO
CHANGE LSV WHEEL ANGLE WITH LSV
VELOCITY AT ZERO AND WITH VARIOUS

VALUES OF ~ '

TORQUE REQUIRED

TORQUE REQUIRED

0z - INCHES PLUS 25% SAFETY
FACTOR '
0z - INCHES
1 3120 3900
0.5 1560 1950
0.2 624 780
TABLE A I B

MOTOR HORSEPOWER REQUIRED FOR VARIOUS ©/ AND STEADY-STATE

WHEEL-TURN RATES -

VEHICLE VELOCITY, O

Wheel-Turn
Rate
Degrees/second A= 1 “= 0.5 - W2
Horsepower Horsepower Horsepower
3 .031 .016 .006
062 .032 .013
093 047 019
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